To assess microbial safety of treated sewage sludge (biosolids), we examined the inactivation of microbial indicators for potential bacterial, viral and protozoan pathogens. The levels of indicators were determined throughout the air-drying and storage phases of anaerobically digested sewage sludge. Samples were collected from two wastewater treatment plants (WWTPs) in Victoria, Australia. Established methods were applied for analysis of bacteria and coliphages, based on membrane filtration and layered plates, respectively. In the pan drying phase, the prevalence of Escherichia coli was reduced by .5 log 10 compared with sludge entering the pan. Thus, after pan drying of 8-11 months at WWTP A and 15 months at WWTP B, the numbers of E. coli were reduced to below 10 2 cfu/g dry solids (DS). This level is acceptable for unrestricted use in agriculture in Australia (P1 treatment grade), the UK (enhanced treatment status) and the USA (Class A pathogen reduction).
cfu/g dry solids (DS) (Treatment Grade P1, Natural Resource Management Ministerial Council ). This is more restrictive than the limits applied in the USA for Class A biosolids (,¼103 cfu/g DS; US EPA ), while in the UK the Safe Sludge Matrix defines an enhanced treatment category as 10 3 cfu/g DS and 6 log reduction of E. coli (Godfree & Farrell ) . Lower treatment grades allow higher numbers of pathogens, but with reduced types of application, and may require withholding periods, to provide multi-barriers.
During storage, the nutrient value of biosolids diminishes owing to the loss of mineral nitrogen (N) by volatilization of the ammoniacal content, stabilization of the organic N fraction, reduced solubility of phosphorus (P) and degradation of the organic matter content. Over time, this compromises the quality and value of the treated material as a soil improver and fertilizer. Therefore, shortening the storage period has the benefit of increasing the agronomic value of the biosolids, but account must be taken of the implications for the microbiological quality of the product. Storage after mechanical or solar/air drying for periods of between 3 to 6 months to meet appropriate microbiological criteria for agricultural application is commonly practiced in countries with climates ranging from temperate (e.g. UK) to arid (e.g. Egypt) (Hall & Smith ; Lang et al. ) . However guidelines in Victoria, Australia, stipulate a storage period of 3 years for production of material that can be used on land without restriction (T1 grade, equivalent to the national P1 grade) (EPA Victoria ).
In addition, the potential for regrowth of pathogens in certain types of treated sewage and composts has been recognised as a microbial safety issue (US EPA ).
Additional controls, such as in Victoria, Australia, include the requirement for testing regrowth of microbial pathogens in treated biosolids (EPA Victoria ).
The species E. coli and Salmonella are accepted as a means of assessing the presence of bacterial pathogens in environmental samples. E. coli is a useful indicator of the presence and re-growth capacity of enteric bacteria. Salmonella is an important enteric pathogen of humans that could conceivably re-grow if undetectable levels of viable bacteria or viable but non-culturable bacteria were present in dewatered biosolids. Moreover recontamination of stockpiles by Salmonella could occur following exposure to faecal material from either domestic or wild animals (Zaleski et al. a) .
Coliphages, such as MS2, are represented as an indicator for the removal of enteric viruses in wastewater treatment, and Clostridium perfringens has been proposed as an indicator for the removal of protozoan pathogens. In addition, enterococcal species as a group may be considered as a potential indicator in pathogen removal, due to their tolerance of adverse environmental conditions (Fisher & Phillips ).
We have investigated the inactivation of microbial indicators for enteric pathogenic bacteria, in biosolids during the air-drying phase and storage of anaerobically digested biosolids at two wastewater treatment plants in Victoria, Australia. We have also quantified the survival and extent of the potential regrowth of bacteria in biosolids under simulated environmental conditions. Preliminary data of this study was presented at the Biosolids Specialty Conference IV, 11-12 June 2008, Adelaide.
MATERIALS AND METHODS

Sites
Biosolids samples were taken from two wastewater treatment plants (WWTPs) in the Melbourne metropolitan area, Victoria, Australia, coded here as WWTP A and WWTP B.
These two plants have similar process sequences, which culminate in anaerobic digestion and air-drying in open pans, followed by stockpiling uncovered for a period of at least three years. WWTP A serves a population of about 1.5 million people in Melbourne's South-Eastern and Eastern suburbs (42% of Melbourne city). About 92% of the sewage that flows into this plant is from homes and businesses. The remaining 8% is from industry. After grit removal, the sewage undergoes screening and sedimentation to remove solids (primary treatment), followed by an activated sludge process, clarification and thickening. Sludge entering the anaerobic digester contains a mixture of thickened and primary sludge. At WWTP B 90% of the sewage inflow consists of domestic waste and 10% industrial waste, from a smaller regional area (population about 72,000). WWTP B uses a similar treatment system compared to WWTP A, but at a substantially smaller scale. Due to the focus on open pan air-drying, brief details of the air-drying processes at the two plants are outlined. The drying pans sampled at WWTP A included pans with either cement or clay bases, while those at WWTP B had only clay bases. There were also differences in the treatment of biosolids between the two pans. At WWTP A the sampled pans were serially filled, with settling and decanting over 5 to 10 weeks, until the dry solids (DS) value reached about 4%, before being air-dried over 6 months (November to April), a 'summer pan', to 10 months, a 'full year pan'. In contrast, at WWTP B, serial filling, sampling and decanting of the sampled pan took place over 18 weeks. At the end of filling a water cap was left in place for 6 months to facilitate secondary digestion, then the water was decanted and the pan was air-dried for 7 months. The pans were uncovered during the entire filling, settling, decanting and drying period. In addition, pans were regularly stirred vertically, about once per week, during the drying phase at WWTP A, but not at WWTP B. At a weather station located in the region of these two WWTPs the mean minimum and maximum daily temperatures in winter were 8.3 and 13.3 W C, and in summer these were 15.0 and 23.9 W C, respectively (Bureau of Meteorology ).
Biosolids sampling and analysis
At WWTP A, samples were collected during the air-drying treatment in three pans, two 'full year pans', one in each of 
Regrowth experiments
The four basic steps followed in the regrowth analysis were 
RESULTS
Indicator die-off in air-drying pans
The numbers of E. coli were reduced logarithmically with time in uncovered air-drying pan at each WWTP (Figure 1) .
At WWTP A, the P2 grade limit (,10 3 E. coli cfu/g DS) was
reached by about 230 days after start of filling the 'full year pans' in both seasons, 2007-08 (SDP 33) and 2009-10 (SDP 23), while the P1 grade limit (,10 2 E. coli cfu/g DS) was
reached by 300 days in both cases. In contrast for the 'summer pan', SDP 41, the P2 and P1 grades were reached in 170 and 230 days, respectively. Interestingly, composite samples from sampling at days 70 and 105 of the 'summer pan' showed substantially more decreased levels of E. coli than were expected by the trend line (Figure 1) . At WWTP B a slower removal trend was observed for the 'full year pan', Pan3, compared to all pans at WWTP A. In this case the P2 grade limit was reached by 320 days after filling, while the P1 grade limit was reached by 420 days.
At WWTP A destruction of coliphage was similar to that of E. coli (Figure 2) , with the reduction of . retention time and drying of the sludge. Moreover, in the stockpiles, the prevalence of E. coli was reduced by 6 log 10 /g DS compared to primary sludge entering the plants. Coliphage numbers also decreased substantially during the air-drying phase, indicating that enteric viruses are also likely to be destroyed during this phase.
The survival values of E. coli, enterococci and coliphages showed an inverse relationship to the DS contents of the biosolids ( Figure 4) . For E. coli removal similar inverse relationships to DS content were shown at both plants, so the data were combined (Figure 4(a) ). Removal of coliphage and enterococci showed similar inverse relationships to DS content, see Figures 4(b) and 4(c), respectively.
Regrowth
Survival of E. coli in wetted biosolids
No E. coli or Salmonella were detected at any time over the incubation period (4 weeks) in biosolid-soil mixtures without added bacteria, whether dry or wetted. Under moist conditions, the levels of E. coli generally remained relatively stable over 4 weeks, without any significant growth, with changes of ,0.5 log 10 compared to the initial inoculum concentration of 1 Â 10 6 cfu/mL ( Figure 5(a) ), however, one stockpile sample, B-S(0.5)-25, showed a rapid decline in bacterial numbers (5 log 10 over 4 weeks).
Survival of E. coli in dried biosolids
In dried biosolids challenged with E. coli, the levels of this species declined dramatically, by 2.5 to 4.5 log 10 , in all four mixtures before the initial sampling time (2-4 h post mixing) ( Figure 5(b) ). By 2 weeks, the levels of E. coli in three mixtures, A-P-13, A-S(1.0)-25 and B-S(0.5)-25, were reduced below the detection threshold and remained so at 4 weeks. One mixture, B-S(0.1)-25, showed a similar decrease at 2 weeks, followed by an increase at 4 weeks.
This may have been due to incomplete mixing of the amended biosolids before sampling, nevertheless, the level at 4 weeks remained about 3.5 log 10 below the initial amended concentration.
Survival of Salmonella Birkenhead in wetted biosolids
In wetted conditions, two biosolids, A-P-13 and A-S(1.0)-25, showed relatively stable levels of Salmonella over the 4-week sampling period, with slight increases of less than ∼0.5 log 10 , being within 3 standard deviations of the mean (Figure 5(c) ). In contrast, one stockpile sample,
A-S(0.1)-25, exhibited a mild reduction in the bacterial count (2 log 10 reduction over 4 weeks), while three samples showed a reduction of ∼2-4 log 10 by 2 weeks, with two showing a slight increase by 4 weeks.
Survival of Salmonella Birkenhead in dried biosolids
All six dry biosolids samples showed substantial initial decreases in Salmonella levels, of 3 to 5 log 10 ( Figure 5(d) ). In this technique tertiary treated sludge was centrifuged before being windrowed, and was then turned every one or two days. The higher rate of E. coli reduction in this case is likely to be due to the increased aerobic conditions provided by this process, compared to pan-drying. Nevertheless, higher aerobic conditions would be expected towards the end of pan drying, and might contribute to the reduction of E. coli content, and perhaps other bacterial pathogens at that phase.
Clostridium perfringens has been suggested as an indicator in water treatment for removal of parasites such as Cryptosporidium and Giardia. In this study, however, little change in content of C. perfringens was observed during the drying pan treatment. This suggests that C. perfringens might survive substantially during pan drying treatment.
Alternatively, as C. perfringens is a common organism found in the environment, it is possible that while some C. perfringens might have died during treatment, these might have been replaced from environmental sources.
Since Cryptosporidium oocysts are highly susceptible to desiccation when suspended in water on glass slides and allowed to dry (Robertson et al. ) , these are likely to be substantially more sensitive to pan drying treatment than C. perfringens. Moreover log 10 removal of clostridial spores was much lower than that of Cryptosporidium in an acti- Hazard Analysis and Critical Control Points (HACCP) management, which is a systematic preventive approach for microbial safety, has been accorded as proactive means to ensure microbial safety of biosolids products (Godfree & Farrell ) . The microbial safety data at each stage of the treatment process, such as described for the pan-drying process in this study, is necessary to support management for the effectiveness of each process, as a basis for HACCP management. Of particular value is log 10 reduction data of pathogens and indicators, which is generally independent of the initial levels of these microbes, provided that sufficient numbers are initially present to measure the overall removal efficiency. Therefore, data from similar processes from different plants can be compared to allow benchmarking and improvement of biosolids quality.
Regrowth
Regrowth may occur due to the growth of dormant or small In contrast to the present study Gibbs et al. () demonstrated the regrowth of faecal coliforms and Salmonella in stored biosolids when wetted by rain. The initial levels of faecal coliforms and Salmonella were approximately 10 4 -10 6 cfu/g and 10-10 2 cfu/g respectively. The levels declined to undetectable levels during the summer, however, after wetting by rain during winter, growth of both faecal coliforms and Salmonella recovered gradually and followed a linear pattern. The authors suggested that rewetting may have caused regrowth due to increasing the respiration rate, rather than increasing substrate availability Reactivation and subsequent growth of faecal coliforms can occur after anaerobically digested sludge has been mechanically dewatered by centrifuges and then stored (Higgins et al. ) . This may be due, at least in part, to the loss of methanogens, which may inhibit, or compete with, faecal coliforms (Qi et al. ) . In the present study biosolids had also been treated by mesophilic anaerobic digestion, though they were subsequently substantially stabilized and dewatered by solar drying over a year, rather than being quickly mechanically dewatered. Since no reactivation or growth was observed with E. coli, long term stabilization appears to prevent these microbial safety issues.
In addition, if reactivation of E. coli and Salmonella was to occur in the biosolids during this study, that would be expected to occur within a week of rewetting, and allow clearly detectable levels within 2 weeks. As no regrowth was observed after one month it is unlikely that re-actable E. coli and Salmonella cells were present.
CONCLUSION
The results suggest alternative processing options are possible to produce biosolids suitable for use on land, compared to storing in stockpiles for 3 years. In the reported cases at two plants, microbial safety at Australian treatment P1 grade, USA and above Class A and UK enhanced treatment status was reached before the end of the air-drying phase. This would save over three years storage for producing P1 grade biosolids in the state of Victoria, since current guidelines require three years of storage in stockpiles. The Australian guidelines also require provision of data for removal of other pathogens, including viruses and parasites. It is additionally suggested that air-dried biosolids with treatment P2 and P3 grades be suitable for direct use on agricultural land, following a standard regime of land-use restrictions, without the need for an extended storage period, as recommended by the Safe Sludge Matrix in the UK. Furthermore, across Australia the metropolitan and regional wastewater plants have a range of different process sequences, for example some do not have anaerobic digesters, which may lead to some variation in removal of pathogens. Therefore, it is considered important to assess the removal of pathogens by each type of plant. Log 10 removal data of pathogens and indicators in specific treatment processes will support HACCP management of treatment plants to improve microbial quality of biosolids products. To reduce the chance for survival or regrowth of bacterial pathogens in stored biosolids, storage conditions should provide moisture levels below 15%, and prevent the possibility of free water pools forming over the biosolids.
